Children with anxiety disorders (ADs) experience persistent fear and worries that are highly debilitating, conferring risk for lifelong psychopathology. Anticipatory anxiety is a core clinical feature of childhood ADs, often leading to avoidance of uncertain and novel situations. Extensive studies in non-human animals implicate amygdala dysfunction as a critical substrate for early life anxiety. To test specific amygdala-focused hypotheses in preadolescent children with ADs, we used fMRI to characterize amygdala activation during uncertain anticipation and in response to unexpected stimuli. Forty preadolescent (age 8-12 years) children, 20 unmedicated AD patients and 20 matched controls completed an anticipation task during an fMRI scan. In the task, symbolic cues preceded fear or neutral faces, such that 'certain' cues always predicted the presentation of fear or neutral faces, whereas 'uncertain' cues were equally likely to be followed by fear or neutral faces. Both AD children and controls showed robust amygdala response to faces. In response to the uncertain cues, AD children had increased amygdala activation relative to controls. Moreover, in the AD children, faces preceded by an 'uncertain' cue elicited increased amygdala activation, as compared with the same faces following a 'certain' cue. Children with ADs experience distress both in anticipation of and during novel and surprising events. Our findings suggest that increased amygdala activation may have an important role in the generation of uncertainty-related anxiety. These findings may guide the development of neuroscientifically informed treatments aimed at relieving the suffering and preventing the lifelong disability associated with pediatric ADs.
INTRODUCTION
Anxiety disorders (ADs) are the most prevalent psychiatric ailments in children and adolescents, affecting up to 20% of youth (Costello et al, 2005) . In addition to causing considerable distress and disability, extreme childhood anxiety is a significant risk factor for later psychopathology (Kessler et al, 2008; Pine et al, 1998) . ADs are typically characterized by persistent and excessive worry, often accompanied by physiological and cognitive symptoms, which can lead to functional impairment (Connolly and Bernstein, 2007) . As anticipation and uncertainty, in relation to potentially negative situations, commonly provoke anxiety, it has been hypothesized that AD patients have particular difficulty tolerating uncertain conditions (Grupe and Nitschke, 2013a; Krain et al, 2008; Krain et al, 2006) . Despite the fact that most ADs begin in childhood, few studies have investigated the neural basis of uncertainty in relation to anxiety in preadolescent children with ADs. Understanding the pathophysiology of childhood ADs will provide a neuroscientific basis for novel treatment development targeting neural correlates of ADs manifesting early in life, with the potential to reduce the long-term suffering associated with the childhood onset of ADs.
Animal studies have defined the neural circuit that underlies adaptive anxiety and fear responses (Aggleton and Passingham, 1981; LeDoux, 2007) . The amygdala is a core component of this circuit, and numerous imaging studies link alterations in amygdala function to various forms of stress-related psychopathology (eg, Etkin and Wager, 2007; Phan et al, 2013; Stein, 2009 ). Relevant to ADs, uncertain conditions engage the amygdala (Davis and Whalen, 2001; Rosen and Donley, 2006) , which functions to direct attention to potentially negative stimuli (Whalen, 2007) . Studies from our laboratory imaging large numbers of young anxious rhesus monkeys demonstrate trait-like increased metabolic activity in the amygdala (Oler et al, 2010) . Other evidence from our primate studies, based on specific dorsal amygdala lesions, implicate a causal role for the amygdala in the early life presentation of extreme anxiety (Kalin et al, 2004) . Because of the well-documented role of the amygdala in adaptive and maladaptive anxiety, as well as in processing uncertainty, it is a prime candidate for further study to understand the pathogenesis of childhood ADs.
To assess whether preadolescent children with ADs have altered amygdala function, we performed fMRI to characterize the anticipation of, and response to, ethologically relevant fear stimuli. Fear faces are ideal stimuli, because they reliably elicit amygdala reactivity (Phillips et al, 1998; Whalen et al, 2001) , and are highly relevant cues that are important to negotiating uncertain social situations. To test the hypothesis that preadolescent children with ADs have increased amygdala responses to uncertainty, we used a cued anticipation task (Figure 1) (Nitschke et al, 2009; Sarinopoulos et al, 2010) . In the real world, an individual's experience of negative events is influenced by their expectations and past experiences. The cued anticipation paradigm allowed us to explore alterations in the temporal dynamics of amygdala function during uncertain anticipation and the subsequent experience of unexpected events.
MATERIALS AND METHODS

Participants
We studied 20 unmedicated, treatment-seeking, symptomatic children with ADs and 20 demographically matched control participants between the ages of 8-12 years (mean age 9.83 years). Children with anxiety were recruited from outpatient psychiatric clinics in the Madison area via clinician referral and through advertisements. Healthy control children were recruited via newspaper ads. Study procedures were approved by the University of WisconsinMadison Institutional Review Board, and informed consent was collected from all participants. All participants completed the Kiddie-Schedule for Affective Disorders and Schizophrenia Present and Lifetime versions (KSADS-PL) (Birmaher et al, 2009 ), administered by a PhD clinical psychologist trained in KSADS administration (GMR). Recordings of KSADs interviews were reviewed and checked for reliability by a psychiatrist (DSP), and diagnoses were confirmed with a second in-person interview with the patient and a parent by a second psychiatrist (NHK). Preadolescent anxiety often presents with an admixture of symptoms associated with generalized, separation, and social ADs (Kendall et al, 2010) . As such, we enrolled children with ADs suffering from any of these three conditions, an approach similar to that used in large treatment studies of childhood ADs (Walkup et al, 2001; Compton et al, 2010) and in most prior imaging studies of ADs in children and adolescents (eg, Beesdo et al, 2009; Guyer et al, 2012) . Likewise, these treatment and imaging studies have excluded patients with obsessive-compulsive disorder, posttraumatic stress disorder, autism spectrum disorders, bipolar disorder, schizophrenia, and/or IQo80; we have done so similarly. We also collected parent and child ratings of anxiety symptoms using the Screen for Child Anxiety and Related Emotional Disorders (SCARED) (Birmaher et al, 1999) , child reported depression using the Children's Depression Inventory (Kovacs, 1985) , and parent-rated externalizing behavior using the revised Conners' Parents Rating Scale (Conners et al, 1998) . Child IQ was evaluated using the Weschler Abbreviated Scale of Intelligence (WASI-II, 2011, Full Scale IQ-2), and pubertal stage was rated using the Tanner scale (Morris and Udry, 1980) . Unrelated neuroimaging data from a subset of these participants (8 ADs, 6 controls) has been previously published (Birn et al, 2014) . Children with ADs and controls did not differ in age, sex, Tanner stage, or IQ (all p's40.5), and the anxiety group scored higher on all clinical scales (all p'so0.05). For demographics and diagnoses, see Table 1 .
Study Visits and Mock Scan
Because of challenges related to collecting high-quality MRI data from pediatric participants, in particular children with anxiety, we were extremely deliberate in creating our study design, scanning parameters, and experimental procedures, to optimize the comfort of participants and maximize compliance with the protocol. The protocol included three study visits, to provide participants with a gradual introduction to the MRI procedures and environment. Study visit 1 involved the KSADs interview and a mock MRI scan session, which allowed children to acclimate to the scanner environment, receive feedback from study staff to minimize motion, and to practice with a modified version of the anticipation task ( Figure 1 ) using happy faces. The second visit included the MRI scan, divided into two 25-min segments, which allowed children to take a break, to minimize the amount of time they were required to stay still. Task runs were kept as brief as possible (6 min) and were all collected in the first half of the scan session. Average time between study visit 1 and 2 was 14 days (range 1-25 days). At the third study visit we collected behavioral data, which are not reported here.
Anticipation Task
As shown in Figure 1 , on each trial participants viewed an anticipatory cue presented for 2 s, followed by a blank Figure 1 Anticipation task-negative and neutral cues (X, N) were always followed by fear or neutral faces, respectively. The uncertain cue (?) was followed half of the time by fear faces and half of the time by neutral faces.
Uncertain anticipation childhood anxiety disorders LE Williams et al screen to produce a jittered inter-stimulus interval (2-5 s), and a set of five faces presented for 1 s each. Negative cues (red 'X') were always followed by fear faces, neutral cues (blue 'N') were always followed by neutral faces, and uncertain cues (yellow '?') were equally likely to be followed by fear or neutral faces. Children were told that the red X will be followed by scared faces, the blue N will be followed by neutral faces, and the question mark will be followed by either scared or neutral faces. Participants completed three 6-min runs, each of which included six negative cue-fear face, six neutral cue-Nnutral face, three uncertain cue-fear face, and three uncertain cue-nNeutral face trials. Faces were taken from two standardized sets of facial affect (Ekman and Friesen, 2006; Tottenham et al, 2009) , and participants viewed both the fear and neutral expressions for each face. To promote attention to task trials, five blocks of a target detection task were presented throughout each run. In the target detection task, a cartoon figure appeared at different screen locations and participants pressed a button to indicate the position of the figure. For data to be included in final analyses, participants were required to detect one of the first two targets on at least 80% of target blocks (one run excluded for two control participants and one run excluded for one anxiety participant).
MRI/fMRI Parameters
MRI data were collected on a General Electric (GE) 3.0 T Discovery MR750 using a GE 8-channel head coil (GE, Milwaukee, WI). Anatomical scans were obtained with a 3D T1-weighted, inversion-recovery, fast gradient echo prescription: ( 
Analysis
Demographic and clinical variables were compared between groups using two-tailed independent samples t-tests w 2 -tests. For fMRI data, native-space T1 images were nonlinearly registered to the MNI probabilistic template (MNI152_ T1_1mm_brain; http://fsl.fmrib.ox.ac.uk) using FLIRT (http://fsl.fmrib.ox.ac.uk/fsl/flirt) and FNIRT (http://www. fmrib.ox.ac.uk/fsl/fnirt). All fMRI data processing used standard methods in AFNI (Cox, 1996) . Data processing included reconstruction using a Fermi filter, slice timing correction, six-parameter rigid-body volume registration, correction for field inhomogeneities, and removal of the skull and gross artifacts. Single-subject EPI data were spatially normalized, combining flirt alignment of EPI to anatomy matrices with the anatomical transformation matrices, and re-sampled to 2-mm isotropic voxels. To ensure high-quality EPI data, all data were visually inspected. EPI volumes with 42 mm of volume-to-volume motion were censored from data analyses. The percentage of included data was high and did not differ between children with ADs (M ¼ 97.8%, SD ¼ 3.7) and controls (M ¼ 96.5%,
Single-subject time series were analyzed using a general linear model with separate regressors for the anticipation and face periods, formed by convolving stimulus functions (2 s cue, 5 s face) with a canonical hemodynamic response function. A total of eight parameters were included in the model (three cue types, four face types, and one target detection task). Regressors were compared with an implicitly modeled baseline that included fixation periods between trials and at the beginning and end of each run (15 and 25 s, respectively). Resultant parameter estimates were converted to percentage signal change. The normalized percent signal change maps were spatially smoothed using a 4-mm FWHM Gaussian kernel. We performed voxel-wise t-tests between groups to examine hypothesized differences in percent signal change during the cue and face periods, including age and sex as covariates. To ensure that differences observed during the face period were not due to carry-over from the anticipation period, all face period analyses included percent signal change during the anticipation period as a voxelwise covariate.
We first performed a whole-brain analysis to identify face-responsive regions in preadolescent children (fear and neutral faces relative to baseline) (Figure 2) . Because of our a priori hypotheses related to the amygdala and uncertainly, further analyses were restricted to face-responsive voxels within the amygdala (Harvard Oxford atlas (http:// www.fmrib.ox.ac.uk/fsl/data/atlast-descriptions.html). Taking a similar approach using the whole, anatomical amygdala yields similar findings. We accounted for multiple comparisons using a small volume correction within this targeted region. Correction for multiple comparisons was applied at the cluster level following Monte Carlo simulations conducted in the 3dClustSim program within AFNI (http://afni.nimh.nih.gov/pub/dist/doc/program_help/ 3dClustSim.html) (Telzer et al, 2013) . Results of the 3dClustSim indicated a voxel-wise threshold of po0.025 combined with a minimum cluster size of 15 voxels for the bilateral amygdala corresponding to a cluster-corrected po0.05 (similar to Tottenham et al, 2014) . One sample ttests were performed on extracted percent signal change from clusters that significantly differed between AD children and controls to further characterize the pattern of group differences. Exploratory whole-brain analyses for all contrasts were corrected with a voxel-wise threshold of po0.005, within a sample-specific gray matter (GM) mask that required a minimum cluster size of 77 voxels for a whole-brain-corrected po0.05. To create the GM mask, individual anatomical scans were segmented into GM, white matter, and cerebrospinal fluid probability maps using FAST (http://www.fmrib.ox.ac.uk/fsl/fast4). GM masks were averaged across all subjects and thresholded at 0.5 to include voxels labeled as GM in at least 50% of subjects.
RESULTS
Amygdala
Amygdala response to neutral and fear faces in preadolescent children. As the neural response to emotional faces varies across development and few studies have examined neural responses to faces in preadolescent children (eg, Guyer et al, 2008; Thomas et al, 2001 ), we first characterized face-responsive regions in our entire 8-to 12-year-old sample. Among other regions, we found robust amygdala responses to faces (both fear and neutral) while controlling for the group (Figure 2, Supplementary Table S1 ; po0.05, corrected). AD children and controls did not differ in their amygdala response to faces (p ¼ 0.98). Similar to studies of adults, we also found greater amygdala activation to fear relative to neutral faces (Supplementary Figure S1) , as well as greater activation within regions of the fusiform gyrus and middle temporal gyrus (Supplementary Table S2 ; po0.05, corrected). Amygdala activation to fear vs neutral faces did not differ between AD children and controls (p ¼ 0.39). Figure 2 Preadolescent children showed significant activation to faces in a network of brain regions including (a) the amygdala and (b) the orbital frontal cortex, hippocampus/paraphippocampal gyrus, fusiform gyrus, cerebellum, and the inferior occipital gyrus. Within the amygdala, there was no interaction with group, indicating that children with anxiety disorders (ADs) and control children did not differ in amygdala response to faces.
Increased amygdala activation in children with ADs in response to uncertainty. To test the hypothesis that children with ADs have increased amygdala activation in
response to uncertainty, we compared AD children and controls for their difference in activation between the uncertain and negative cues within the face-responsive amygdala region. As reviewed above, the uncertain and negative cues are most likely to be experienced as aversive, and therefore this contrast isolates the effects of uncertainty while controlling for neural response associated with viewing a potentially aversive visual cue, as well as general effects of face anticipation. Results demonstrated that children with ADs had differential amygdalar responses to uncertainty (po0.05, corrected). As shown in Figure 3 , this effect was driven by differences in the uncertain cue condition, as groups did not differ in their response to negative cues (p ¼ 0.94). Within the uncertain cue condition, control children demonstrated significant deactivation (po0.005) that was absent in the AD group (p ¼ 0.10). A control analysis comparing the uncertain cues with the neutral cues yields a similar pattern of results, further demonstrating the specific effect of uncertainty (Supplementary Figure S2 ; po0.05, corrected).
Uncertain anticipation modulates amygdala response to faces. As individuals with ADs are particularly sensitive to uncertainty and potentially threatening conditions, we hypothesized that AD children would show increased amygdala reactivity to this combination of stimuli, specifically fear faces preceded by a cue that signals uncertainty. Therefore, within the face-responsive amygdala region, we compared AD with control children for the difference in activation between fear faces that were preceded by uncertain cues vs the same face stimuli preceded by certain, negative cues. To remove any possible influences of anticipation-related BOLD response on neural activation to the faces, analysis of face responses controlled for voxel-level activation during the cue period by including cue period activation maps as a covariate. Children with ADs exhibited greater amygdala activation than controls in response to the fear faces that were preceded by the uncertain cue (Figure 4 ; po0.05, corrected). When viewing fear faces preceded by the uncertain cue, AD children had significant activation within the amygdala (po0.005) that was absent in the control group (p ¼ 0.96). To examine the specificity of this effect, we performed the same analysis on neutral faces. Similar to the finding for fear faces relative to controls, AD children demonstrated enhanced amygdala reactivity to neutral faces that were preceded by an uncertain cue (Supplementary Figure S3) .
Exploratory Whole-Brain Analyses
Exploratory whole-brain analyses within the anticipation task uncovered additional regions that differed between AD and control children during uncertain anticipation, including portions of the left insula, cerebellum, and the visual cortex (Supplementary Figure S4, Supplementary Table S3 ). Whole-brain analyses of responses to faces preceded by uncertain cues did not reveal any additional responses between group differences.
Correlational Analyses
To examine the relationship between uncertainty-related activation within regions that demonstrate a main effect of group and anxiety symptoms, we performed additional analyses. Within clusters that showed a main effect of group, there were no significant correlations between brain responses to uncertainty and anxiety severity as determined by Parent and Child SCARED-total scores (tested within anxiety group only and across full sample with group as a nuisance covariate) (all t's o0.93, all p's40.36). Similarly, within the same clusters, participant age was not significantly correlated with response to uncertainty across groups (all t'so1.26, all p'so0.21), nor was there any significant group by age interactions.
DISCUSSION
Recent animal and human studies highlight the importance of neurodevelopmental brain changes that likely influence the amygdala response to threat (eg, Gabard-Durnam et al, 2014; Giedd, 2004; Qin et al, 2012) . Developmental brainimaging studies demonstrate that amygdala response to fear faces varies across childhood and adolescence (eg, Guyer Figure 3 During uncertain anticipation, relative to certain anticipation of fear faces, children with anxiety disorders (ADs) exhibited greater activation in the left amygdala than control children (32 voxels; peak x ¼ À 24, y ¼ À 4, z ¼ À 26). Graphs display percent signal change extracted from the cluster, and show that the group difference is driven by higher amygdala response to the Uncertain cue in children with ADs. Error bars represent SEM. Region of interest (face-responsive voxels within the amygdala) outlined in green. Hare et al, 2008; Thomas et al, 2001) . Although most studies of adults find increased amygdala reactivity to fear compared with neutral faces (for review, see Fusar-Poli et al, 2009) , data from studies of children are mixed, with some finding similar valence effects as those in adult studies (eg, Guyer et al, 2008) , while others, particularly in younger children, do not (Pagliaccio et al, 2013) . Our study with preadolescent children found adult-like increased amygdala reactivity to fear compared with neutral faces (Supplementary Figure S1) . These findings complement previous work examining the developmental trajectory of amygdala function, and provide the foundation for our examination of aberrant amygdala activation in childhood ADs. In contrast to some previous studies that have found increased amygdala activation to negative stimuli in AD patients relative to control participants (eg, Beesdo et al, 2009; Hattingh et al, 2012; McClure et al, 2007) , we did not find a group by valance interaction during face viewing within the amygdala. Further studies are needed to determine whether this is a true developmental difference observed in our preadolescent sample, or whether our findings are better explained by variations in diagnosis, task, and/or analysis approaches from previous studies that demonstrate amygdala hyperactivity to threat in patients with ADs.
In the present study, 8-to 12-year-old children with ADs had differential amygdala activation during uncertain anticipation. This finding suggests that the increased emotional reactivity experienced by children with ADs during uncertain or ambiguous situations could result from altered amygdala function. Although not the primary focus of this study, our exploratory whole-brain analysis also found differential uncertainty-related insula activation in AD children, a finding consistent with studies of uncertainty processing in adults and adolescents (Dunsmoor et al, 2007; Krain et al, 2006) . The differential amygdala and insula reactivity during uncertain anticipation was driven by a significant deactivation in the control group that was absent in AD children (Figure 3 ). Similar insula deactivation has been observed in healthy adults during anticipation of negative and neutral images, and it has been suggested that this pattern is consistent with active regulation of activity in these regions (Grupe et al, 2013b) . Thus, the lack of deactivation in the AD group may represent the failure of normative regulation of the amygdala and insula during uncertain anticipation.
Although unexpected events often follow a period of uncertainty, our experimental design and analytic strategy allowed us to disambiguate neural activation related to uncertain anticipation from that associated with the presentation of unexpectedly valenced faces. We found that when AD children could predict whether the faces they viewed were fearful or neutral, their amygdala response did not differ from controls. In contrast, these same faces elicited increased amygdala activation in AD children when the valence of the faces could not be predicted. This finding is consistent with the increased reactivity of AD children when confronted with surprising or unexpected events. These findings suggest that increased amygdala activation in part underlies the heightened sensitivity of children with ADs to these commonly associated, but separable, anxietyprovoking circumstances.
Although anticipatory anxiety and worry are core features of ADs, it is noteworthy that very few studies have examined the neural underpinnings of uncertainty, as it relates to psychopathology. Consistent with our findings in preadolescent AD children, studies that have examined uncertainty processing in adolescents (Krain et al, 2008) and adults (Yassa et al, 2012) with ADs also find altered amygdala function. A common coping strategy for AD children is to attempt to anticipate and control all potential outcomes related to future events. In part, this may be in response to the intense distress that AD children experience when uncertain about the future. Importantly, we investigated not only neural activation in response to uncertain conditions, but also how uncertainty affects brain responses to subsequent stimuli. These data have important implications for understanding why children with ADs are driven to seek control of their environment and are compelled to avoid new situations. The differential amygdala activation observed in this study may help to explain why AD children have such difficulty coping and why they experience negative affect both before and during novel and surprising events. It will be important in the future to perform studies Figure 4 When viewing fear faces preceded by the uncertain cue, children with anxiety exhibited greater activation in the right amygdala (20 voxels; peak voxel x ¼ 24, y ¼ À 2, z ¼ À 22). Graphs display percent signal change extracted from the cluster. Note that the group difference is driven by higher amygdala response to fear faces presented after the uncertain cue in children with anxiety disorders (ADs). Error bars represent SEM. Region of interest (face-responsive voxels within the amygdala) outlined in green.
with larger sample sizes that will allow for the detection of possible relationships between uncertainty processing, specific anxiety symptoms, and/or diagnostic categories. We also note that the mean IQ of participants in the current study was in the high average range, which could limit the generalizability of our findings.
Previous studies in adults suggest that uncertainty enhances behavioral, physiological, and neural responses to aversion (Dunsmoor et al, 2007; Sarinopoulos et al, 2010) . It is important to emphasize that in children with ADs, heightened anticipatory anxiety can result in pronounced disability, eg, school avoidance, social isolation, and erosion of self-esteem. Repeated requests for reassurance, inflexible behaviors, and emotional outbursts are consequences that parents of children with ADs must negotiate. Our data highlight a potential role for the amygdala in the generation of anticipatory anxiety and its consequences. Future studies focused on the early onset and pathophysiology of childhood ADs would benefit from understanding the neurodevelopmental antecedents that mediate the development of heightened uncertainty-related amygdala responsivity. An important complement to further studies in children will be translational studies in young animals aimed at understanding mechanisms mediating the influences of uncertainty early in life. Together, these studies will help change treatment approaches for children suffering from early life anxiety.
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